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® Polarization nnalntaining fiber Interferometer and methipd for source stabilization. 



@ The frequency of an optical signal output from a 
optical source is controlled wiiile maintaining the 
polarization of the signal by guiding the signal with 
either a polarization maintaining optical fiber or an 
integrated optics waveguide. A portion of the signal 
output from the light source is input to the light 
guiding structrure. The optical signals are phase 
modulated, and an electrical signal indicative of the 
intensity of an optical output from the polarization 
maintaining light guiding device is applied to the 
optical source for controlling the frequency of the 
optical signal output therefrom. . 
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POLARIZATION MAINTAINING FIBER 



BACKGROUND OF THE INVENTION 

This invention relates generally to apparatus 
and methods for controlling the frequency of light 
output from an optical signal source. This invention 
is particularly related to apparatus and methods for 
controlling the frequency of optical signals output. 
from coherent light sources. 

Stability in the optical fibers input to optical 
fibers is a practical necessity in the development 
and implementation of sensing systems using op- 
tical fibers. Optical sensing systems may use semi- 
conductor diode lasers or superluminescent diodes 
as light sources. Fiber optic rotation sensors have 
been used in broadband semiconductor light soui'- 
ces to reduce noise arising from backscattering in 
the fiber and for reducing errors caused by the 
optical Kerr effect: High precision fiber optic rota- 
tion sensors required a stable light source the 
wavelength because the scale factor of the sensor 
depends upon the source wavelength. For exam- 
pie, a navigation grade rotation sensor requires 
wavelength stability of about one part in l6*. 

A wideband source such as a superlumines- 
cent diode (SLD) or a narrower source such as a 
single or multimode laser diode needs frequency 
stabilization in order to be suitable as an optical 
source for a Sagnac ring fiber optics rotation sen- 
sor. 

The SLD provides a spectral llnewldth sufficient 
to overcome unwanted phase errors due to coher- 
ent backscatter and the Kenr effect. The fractional 
llnewldth should be between 10 and 1000 parts per 
million (ppm). The frequency stability of the cen- 
troid of the source spectral distribution should be 
several ppm to meet scale factor stability and 
linearity requirements. Therefore, source width 
should be minimized within the constraints of co- 
herent backscatter and Kerr effect errors to eh- 
hance scale factor linearity. The fractional linewidth 
should approach the lower portion of the 10 to 
1000 ppm range to nriinimize unwanted errors in 
scale factor due to changes in the soiirce spectral 
distribution over time. 

There are at least three groups of laser diodes 
that' are classified according to structure. These are 
homostructure. single heterostructure and double 
heterostructure diode lasers. 

The simplest diode lasers are called homo- 
structure lasers because they are made of a single 
semiconductor material. A horhostructure laser di- 
ode may comprise, for example, regions of n-type 
and p-type gallium arsenide. Electrons injected 
from the n-reglon into the p-reglon combine with 
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holes, or positive charge carriers, to emit laser 
light. All laser diodes include two polished parallel 
faces that are perpendicular to the plane of the 
junction of the prtype and n-type regions. The 
5 emitted light reflects back and forth across the 
region between the polished . surfaces and, con- 
sequently is amplified on each pass through the 
junction. 

A typical single heterostructure semiconductor 
ro laser inlcudes an additional layer of alumihum gal- 
lium arsenide, in which some of the gallium atoms 
in the gallium arsenide have beeri replaced by 
aluminum atoms. The aliiminunn gallium arsenide 
layer stops the injected electrons, thereby causing 
75 the emission of a higher intensity las^r light than 
ordinarily occurs with a homostriicturd diode laser. 

A typical double heterostructure semiconductor 
laser Includes three layers of gallium arsenide sep- 
arated by two layers of aluminum gallium arsenide. 
20 Preselection of either n-type or p-type materials 
causes further increases of the intensity of the 
emitted laser beam. 

..The vvavelength of the light; emitted from a 
laser diode varies as a function of the operating 
25 temperature and the Injection current applied. Ef- 
fective use of a laser diode as a light source in an 
; optical rotation sensor requires an output of known 
' wavelength . In fiber optic rotation sensing applica- 
tions, the frequency stability should be about AfA 
30 = 10^ and the light source should be held at a 
constant temperature. 

Superluminescent diodes used as light sources 
in fiber optic rotation sensors typically have exces- 
sive fractional linewidths of about 10,000 ppm. 
35 . They also have operating lifetimes of about 100 
hours and provide about 500 uW or less optical 
power into an optical fiber: SLD's have linewidth to 
frequency stability ratios of about 10,000 and re- 
quire relatively high injection currents that typically 
40 exceed 100 mA. As a result, the short operating 
lifetime and excessive linewidths make SLD's un- 
acceptable for fiber optic rotation sensors, which 
should operate reliably for thousands of hours with- 
out source repacement 
45 Single mode laser diodes have the characteris- 

tic that modulation of the injection current produces 
simultaneous amplitude and frequency modulations 
of the power output. The amplitude modulation has 
a modulation depth that approaches 100%. Peri- 
50 odic AM modulation at kilohertz or megahertz rates 
from below or near threshold to a high peak power 
can produce an output with a continuous spectral 
distribution exceeding 20 Ghz. It is possible to 
produce a chirp frequency modulation of the output 
frequency that exceeds 20 GHz, which is equiv- 
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alent to a 50 ppm fractional linewidth at a 
wavelengtti 7 == 820 nm. Modulation with a- 
pseudo-random noise source of appropriate spec- 
tral density can produce an output with a desired 
spectral distnbution and linewidth. Thus single 
mode laser diodes have the advantages of provid- 
ing power Inputs to an optical fiber in the range of 
1-5 mW. long operating lifetime that exceed 10.000 
hours, and a linewidth to frequency stability ratio 
that is adjustable over a range of about 10 to 100. 

Multimode laser diodes have adjustable frac- 
tiorial linewidths that are dependent on the number 
of longitudinal modes that lase. For a five mode 
laser, the fractional linewidth may be about 1000 
ppm at 7 = 820 nm, which corresponds to a 
wavelegth change. A7 ^ 0.2 nm. Injection current 
mocjulation at kilohertz or megahertz rates can 
smear the discrete longitudinal modes to produce a 
continuous or quasi-continuous spectral distribution 
over a fractional linewidth of 1000 ppm. Multimode 
laser diodes typically provide high power inputs In 
the range of about 1-10 mW into optical fibers, 
have operating lifetimes that typically exceed 
10.000 hours and have a linewidth to frequency 
stability ratio in the range of about 100 to 1000. 

Some familiarity with polarization of light and 
propagation of light within an optical fiber will facili* 
tate an understariding of the present invention. 
Therefore, a brief description of the concepts used 
to describe the propagation and polarization of a 
light wave iri a fiber is presented. 

An optical fiber comprises a central core and a 
surrounding cladding. The refractive index of the 
cladding is greater than that of th^ core. The diam- 
eter of the core is so srnall that light guided by the 
core impinges upon the core-cladding interface at 
angles less than the critical angle of total internal 
reflectipn. 

It is well-known that a light wave may be repre- 
sented by a time-varying electromagnetic field 
comprising orthogonal electric and magnetic field 
vectors having a frequency equal to the frequency 
of the light wave. An electromagnetic wave propa- 
gating through a guiding structure can be de- 
scribed t>y a set of normal modes. The normal 
modes are the permissible distributions of the elec- 
tric magnetic flejds within the guiding structure, for 
example, a fiber optic waveguide. The field dis- 
tributions are directly related to the distribution of 
energy within the structure. 

The normal modes are generally represented 
by mathematical functions that describe the field 
components in the wave in terms of the frequency 
and spatial distribution in the guiding structure. The 
specific functions that descrikDe the normal modes 
of a waveguide depend upon the geometry of the 
waveguide. For an optical fiber, where the guided 
wave is confined to a structure having a circular 



cross section of fixed dimensions, only fields hav- 
ing certain frequencies and spatial distributions will 
propagate - without severe attenuation. The waves 
having field components tht propagate with low 

5 attenuation are called normal modes. A single 
mode fiber will propagate only one spatial distribu- 
tion of energy, that Is, one normal mode, for a 
signal of a given frequency. 

In describing the normal modes, It Is conve- 

70 nient to refer to the direction of the electric and 
magnetic fields relative to the direction of propaga- 
tion of the wave. If only the electric- field vector Is 
perpendicular to the direction of propagation, which 
is usually called the optic axis, then the wave is a 

15 transverse electric (TE) mode. If only the magnetic 
field vector is perpendicular to the optic axis, the 
wave is a transverse magnetic (TM) mode. If both 
the . electric and magnetic field vectors are per- 
pendicular to the optic axis, then the wave is a 

20 transverse electromagnetic (TEM) mode. 

None of the normal modes require a definite 
direction of the field components. In a TE mode, 
for example the electric field may be in any direc- 
tion that is perpendicular to the optic axis. The 

25 direction of the electric field vector in an elec- 
trorriagnetic wave is the polarization of the wave. In 
general, a wave will have random polarization In 
which there is a uniform distribution of electric field 
vectors pointing in all directions permissible for a 

30 given mode. If all the electric field vectors in a 
wave point in only a particular direction, the wave 
is lineariy polarized. If the electric field consists of 
two orthogonal electric field components of equal 
magnitude and a phase difference of OO*?. the elec- 

35 trie field is circularly polarized, becase the net 
electric field is a vector that rotates around the 
propagation direction at an angular velocity equal 
to the frequency of the wave. If the two linear 
polarizations are unequal or have a phase dif- 

40 ference other than 90°. the wave has elliptical 
polarization. In general, any arbitrary polarization 
can be represented by the sum of two orthogonal 
linear polarizations, two oppositely directed circular 
polarizations or two counter rotating elliptical po- 

4S larizations that have orthogonal major axes. 

The boundary between the core and cladding 
of a fiber optic waveguide Is a dielectric interface at 
which certain well-known boundary conditions on 
the field components must be satisfied. For exam- 

50 pie. the component of the electric field parallel to 
the interface must be continuous A single mode 
optical fiber propagates electromagnetic energy 
having an eletric field component perpendicular to 
the core-cladding interface. Since the fiber core 

55 has an index of refraction greater than that of the 
cladding and light impinges upon the interface at 
angles greater than or equal to the critical angle, 
essentially alt of the electric field remains in the 
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core by Internal reflection at the interface. To sat- 
isfy both the continuity and internal reflection re- 
quirements, the radial eletric field component in the 
cladding must be a rapidly decaying exponential 
function. An exponentially decaying electric field is 
usually called the "evanescent field". 

The velocity of an optical signal depends upon 
the index of refraction of the medium through 
which the light propagates. Certain materials have 
different refractive indices for different polariza- 
tions. A material that has two refractive indices Is 
said to be birefringent. The polarization of the sig- 
nal propagating along a single mode optical fiber is 
sometimes refenred to as a mode; A standard sin- 
gle mode optical fiber may be regarded as a two 
mode fiber because it will propagate two waves of 
the same frequency and spatial distribution that 
have two diferent polarizations. Two different po- 
larization components of the same norma! mode 
can propagate through a birefringent material un- 
changed except for a velocity difference between 
the two polarizations. 

In summary, any polarized light can be repre- 
sented by two circulariy polarized waves having 
proper phase and amplitude. Alternatively, the light 
-could be represented by either elliptically rotating 
components or by perpendicular linearly polarized 
components of the electric field. 

There are a number of birefringent materials. 
Depending on their structure and orientation to the 
light propagating through it. certain crystals are 
circulariy birefringent; some crystals are linearly 
birefringent. Other types of crystals, for example 
quartz, can have . both circular birefringence and 
linear birefringence so as to jDroduce elliptical 
birefringence for a light wave propagating in a 
properiy chosen direction. 

Optical wave behavior is different from that in a 
uniform medium if layers of two materials with 
different refractive indices are stratified optically 
and periodically: When the thickness of each layer 
is sufficiently small compared with the light 
wavelength and the number of layers is sufficiently 
large, the compound medium Is birefringent. Form 
birefringence results from an ordered arrangement 
of layers of optically isotropic materials having di- 
mensions that are large compared with the mol- 
ecules of the materials, but small when corhpared 
with the optical wavelength propagating In the fiber. 
Rber optic devices using form birefringent fibers 
are useful in constructing gyroscopes, sensors, fre- 
quency shifters and communications systems. 



SUMMARY OF THE INVENTION 

Thie present invention provides an apparatus 
and a method for overcoming the difficulties In 
5 stabilizing the frequency of optical signals output 
' from light sources such as those used in optical 
rotation sensors. 

A device according to the invention for control- 
ling the frequency of ah optical signal output from 
w a optical source comprises apparatus for guiding 
an optical signal while maintaining the polarization 
of the signal. The guiding apparatus may be either 
a polarization maintaining optical fiber or an in- 
tegrated optics waveguide configured to maintain 
J5 the polarization of optical signals. The device fur- 
ther includes apparatus for inti-oducing a portion of 
the signal output from the light source into the 
■■• polarization maintaining guiding apparatus and ap- 
jDaratus for modulating the phase of the optical 
20 signals guided by the pdlarizatiori maihtairiing guid- 
ing apparatus. An electrical signal indicative of the 
Intensity of art optical signal output frorri the po- 
larization maintaining guiding apparatus is pro- 
duced and applied to the optical source for control- 
25 ling the frequency of the optical signal output 
therefrom. 

The device according to the invention may 
further include a first polarizer having a polarization 
axis oriented at 45 • to the principal axes of the 
30 polarization maintaining guiding apparatus. The first 
polarizeir is positioned to provide light of a pre- 
determined polarization to the polarization niaintain- 
ing guiding apparatusrA second polarizer having a 
polarization axis oriented at 45" to the principal 
35 axes of the polarization rriairitaihing guiding appara- 
tus is positioned to receive djatical signals output 
from the polarization maintaining guidlrig ai^paratus. 
These signals are then detected with suitable ap- 
paratus for detecting optical signals, 
40 The device according to the inventiori may also 

further include, a band pass filter connected to the 
detector. The band pass filter is formed to have an 
output signal of a predetermihed modulation fre- 
quency. The output of the bandpass filter is syn- 
45 chrbnously detected* and ah error signial from the 
synchronous detector Is applied to the optical 
source such that tiie optical source produces an 
optical signal having a frequency that causes a 
reduction in the error signal. 
50 The device according to the invention may 

further include a driver oscillator connected to the 
phase modulator to modulate the phase of optical 
signals guided by the polarization maintaining guid- 
ing apparatus at the modulation frequency. 
55 The method of the Invention for controlling the 

frequency of an optical signal output from a optical 
source, comprises , the steps of guiding an optical 
signal while maintaining the polarization of the sig- 
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nal and introducing a portion of the signal output 
from the light source Into the polarization maintain- 
ing guiding apparatus. The nrtethod further includes 
modulating the phase of optical signals guided by 
the polarization maintaining guiding apparatus and 
producing an electrical signal indicative of the in- 
tensity of an optical' signal output from the polariza- 
tion maintaining guiding apparatus. The electrical 
signal is an error signal that is then applied to the 
optical source for controlling the frequency of the 
optical signal output therefrom. 

The method may further Include providing light 
of a predetermined polarization to the polarization 
maintaining guiding apparatus. The output of the 
polarization maintaining guiding apparatus is ana- 
lyzed to provide an optical signal having only a 
selected polarization. Signals having the selected 
polarization are detected. 

The method may further Include connecting 
band pass filter apparatus to the detecting appara- 
tus to provide an output signal of a predetermined 
modulation frequency: connecting synchronous de- 
tector apparatus to the band pass filter apparatus 
to receive the output signal therefrom; and provid- 
ing an error signal from the synchronous detector 
apparatus to the optical source such that the op- 
tical soure produces an optical signal having a 
frequency tiiat causes a reduction in the error 
signal. 

The method may also further include the step 
of connecting a driver oscillator to the phase 
modulator to modulate the phase of optical signals 
guided by the polarization maintainirig guiding ap- 
paratus at the modulation frequency. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Rgure 1 is a schematic diagram of a Ue* 
quency control system according to the Invention: 

Rgure 2 is a cross sectional view of an 
optical coupler that may be included in the dual 
fiber optic gyroscope of Rgure 1 : 

Rgure 3 is a cross sectional view about tine 
3-3 of Figure 2; 

Figure 4 is a perspective view showing an 
oval surface on a portion of an optical fiber in- 
cluded in the fiber optic evanescent field coupler of 
Figures 2 and 3: 

Figure 5 is a side view of a fiber squeezer 
that may function as a phase modulator in the 
frequency control system of Rgure 1 ; 

Rgure 6 Is a perspective view of the fiber 
squeezer of Figure 5; 

Figure 7A is a perspective view of a second 
type of phase modulator that may be included in 
the frequency control system of Rgure 1 ; 



Rgure 7B is a plan view of the phase 
modulator of Rgure 7A; 

Rgure 8 is an end elevation view of the 
phase modulator of Rgure 7; 
5 Rgure 9 is a cross sectional view of a po- 

larization maintaining fiber that may be included in 
the frequency cpntror circuit of Figure 1; 

Figure 10 is an elevation view of a stack of 
alternating layers of dielectrics that may be used to 
70 form the polarisation maintaining fiber of Rgure 9: 

Rgure 11 js a cross sectipnal view of a 
polarizer that may be included in the frequency 
control circuit of Figure 1 : 

Rgure 12 is a cross sectional view about line 
75 12-12 of Figure 11; 

Rgure 13 illustrates a second type of polar- 
izer that may be included In the system of Rgure 

^ 1? 

Figure 14 illustrates a fjber optic rotation 
20 sensing system that includes the frequency control 
system of Rgure 1 ; 

Rgure 15 graphically illustrates the spectral 
distribution of a laser diode that may be comprise 
the light source in the systems of Figures 1 and 
25 14; 

Rgure 16 graphically iljustrates stabilization 
of the scale factor of the fiber optic rotation sensor 
of Figure 14 as a function of the optical, path 
difference of the two polarizations in the frequency 
30 control system of Rgure 1; 

Figures 17 and 18 illustrate the effect of a 
frequency shifter on an optical wave; 

Rgure 19 illustrates an acoustic wayefront 
impinging upon an optical fiber; 
35 Figure 20 illustrates a structure for an ac- 

oustooptic frequency shifter that may be included 
in the fiber optic rotation sensor of Figure 14; 

Figure 21 and 22 illustrate the effect of the 
acoustooptic frequency shifier of Rgure 20 on an 
40 optical signal; 

Rgure 23 Illustrates a second structure for a 
frequency shifter that may be Included in the fiber 
optic rotation sensor of Rgure 14. 

45 

DESCRIPTION OF THE PREFERRED EMBODI- 
MENT 

' Referring to Rgure 1 . an optical source control- 
so ler system 10 for controlling the vyavelength output 
from an optical signal source 12 includes an optical 
coupler 13. an optical fiber 16, a length of a fiber 
polarization maintaining fiber 17. a polarizer 14. an 
analyzer 18, a photodetector 20. an amplifier 21. a 
55 band pass filter 22. a synchronous detector 24. a 
phase modulator 25. a driver oscillator 26 and a 
source driver 27. 

The optical source 12 is preferably a solid 
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stale laser diode or a superluminescent diode 
(SLD). Light from the optical source 12 propagates 
through the fiber 16 and is then input to the cou- 
pler 1 3. which couples a portion of the light into a 
fiber .11. the fiber 11 guides the coupled light to a 
device such a^ a rotation serising system 40 shown 
in Figure 14, The coupled light may be guided to 
. other optical systems (not shown) that require 
source stabilization, the light remaining iii the fiber 
16 then propagate to a junction 29 of the fiber 16 
and the polarization maintaining fiber 17. The fiber 
16 arid the polarization maintaining fiber 17 may be 
butt-coupled together in a manner well known in 
the art. 

Before reaching to the polarization maintaining 
fiber 17, the light passes through the polarizer 14. 
which transmits a beam that Is linearly polarized at 
an angle of 45" to the principal axes of the fiber 
17. The polarization maintaining fiber 17 may be 
formed by a variety of techniques described subse- 
quently. A polarization maintaining fiber has refrac- 
tive Indices that differ significantly for different po- 
larizations, since the light input to the fiber 17 has 
polarization components along both of the fiber 
axes, both of these polarizations will propagate in 
the fiber 17 without mixing together. 

Referring to Figure 14. the fiber optic rotation 
sensor 40 comprises a sehsirig jpop 1 1 A formed In 
the fiber 11. The input signal propagates through 
the fiber 11 to an optical coupler 30 that divides 
the light to produce light waves that propagate 
counterclockwise (CCW) and clockwis^ (CW) 
through the loop 11 A. After traversing the loop 11 A. 
the waves then irnpirige upon the optical coupler 
30. the optical coupler 30 then combines portioris 
of the waves so that a superposition of the CW and 
CCW waves propagates back through the fiber 11 
to the optical coupler 13. which directs a portion of 
the combined waves to a Saghac detector 32, 
which may be any suitable photodiode. 

The output of the Sagnac detector 32 is an 
eietrical signal indicative of the rotation rate of the 
sensing loop 1 1A about its sensing axis, which may 
be a line perpendicular to the plane of the loop 
11 A. The wave traveling around the sensing loop 
11A In the direction of rotatiori will have a longer 
transit time in the loop than the wave traveling 
opposite to the direction of rotation. This difference 
in transit time Is detected as a phase shift in the 
CW and CCVVL waves, the aniount of phase shift is 
a functiori of the rotation rate and the wavelength of 
the light Input to the sensing loop 11 A. A scale 
factor relates the rotation rate to the parameters of 
the rotation sensing system 40. 

The electrical output of the Sagnac detector 32 
is input to a summing .amplifier 34 that also re- 
ceives signals from an oscillator 36. The oscillator 
36 drives a phase modulator 38 that Is formed to 



adjust the phase of light in the sensing loop 11 A, 
The output of the summing amplifier 34 is input to 
a second amplifier 41 that produces a control sig- 
. nai that is. Input to an oscillator 42. The oscillator 
5 42 may be a voltage controlled oscillator whose 
output is a function of the voltage output from the 
amplifier 41. The oscillator 42 drives, a frequency 
shifter 44 that adjusts the frequency of light in the 
sensing loop. A serrodyne phase modulator 46. 
10 described below with reference to Rgures 7 and 8, 
may be substituted for the frequency shifter 44. 
The oscillator is preferably a sawtooth wave gener- 
ator. 

the summing amplifier 34. oscillator 36. phase 
75 modulator 38. amplifier 41. oscillator and frequency 
shifter 44 (or phase modulator 46) comprise a 
phase nulling servo loop 48. In order to provide a 
wider dynamic range, the servo loop 48 adjusts the 
light in . the sensing loop 11 A to null the phase 
so differences caused by rotations of the sensing 
loop. The rotation rate is determined by measuring 
the oscillator 42 output required to null the rotation 
induced phase shift. 
- The fiber optic components of the system 10 
25 will be described before a detailed description of 
the method of operation of the present invention Is 
presented, 

A fiber optic directional coupler suitable for use 
in single mode applications as the coupler 13 of 

30 f='igure 1 and the coupler 30 of Figure 14 is de- 
scribed In the March 29. 1980 Issue of Electronics 
Letters, yoL28.No.2app. 260-261 and in U.S. Pat- 
ent 4.493.528 issued January 15. 1985 to Shaw et 
a/, and assigned to the Board of Trustees of the 

35 Leiand Stanford Junior University. 

As illustrated in Rgures 2-4. the coupler 13 
includes the optical fibers 11 and 16 of Rgure 1 
mounted in a pair of substrates 50 and 52. respec- 
tively. The fiber 11 Is mounted in a curved groove 

40 54 formed in an optically flat surface 58 of the 
substrate 50. Similarly, the fiber 16 is mounted in a 
curved groove 56 formed in an optically flat surface 
60 of the substrate 52. the substrate 50 and fiber 
11 mounted therein comprise a coupler half 62. 

45 and the substrate 52 and fiber 16 mounted therein 
. comprise a coupler half 64. 

. . The curved grooves 54 and 56 each have a 
radius of curvature that is large compared to the 
diameters of the. fibers 11 and 16. which are or- 

50 dlnarily substantially identical. The widths of the 
grooves 54 and 56 are slightly larger than the fiber 
diameters to permit the fibers 11 and 16 to con- 
form to the paths defined by the bottom walls of 
the grooves 54 and 56. respectively. The depths of " 

55 the grooves 54 and 56 vary from a minimum at the 
center of the substrates 50 and 52. respectively, to 
a maximum at the edges of the substrates 50 and 
52. The variation in groove depth permits the op- 
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tical fibers 11 and 16, when mounted in the 
grooves 54 and 56, respectively, to gradually con- 
verge toward the centers and diverge toward the 
edges of the substrates 50 and 52, respectively. 
The gradual curvature of the fibers 11 and 16 
prevents the occurrence of sharp bends or other 
abrupt changes in direction of the fibers 11 and 16 
to avoid power loss through ' mode perturbation. 
The grooves 54 and 56 may be rectangular In 
cross section; however, other cross sectional con- 
figurations such as U-shaped or V-shaped may be 
used in forming the coupler 13. 

Referring still to Rgures 2-4. at the centers of 

• the substrates 50 and 52, the depths of the 
grooves 54 and 56 are less than the diameters of 
the fibers 11 and 16. At the edges of the substrates 
50 and 52, the depths of the grooves 54 and 56 are 
preferably at least as great as the fiber diameters. 
•Rber optic material is reinoyed from each of the 
fibers 11 and 16 by any suitable method, such as 
tapping, to form oval-shaped planar surfaces in the 
fibers 11 and 16 that are cbplanar with the con- 
fronting surfaces 58 and 60 of the substrates 50 
and 52. The oval surfaces are juxtaposed in facing 
relationship to form an interaction region 66 where 
the evanescent field of light propagated by each of 
the f ibers 11 and 16 Interacts with .the other fiber. 
The amount of fiber optic material removed in- 

* creases gradually from zero near the edges of the 
substrates 50 and 52 to a maximum amount at 
their centers. As shown in Figures 2 and 3, the 
tapered removal of fiber optic material enables the 
fibers 11 and 16 to converge and diverge gradually 
which is advantageous for avoiding bacl<ward re- 
f election and excessive loss of light energy at the 
interaction region 66. 

Light is transferred between the fibers 11 and 
16 by evanescent field coupling at the interaction 
region 66. The optical fiber 1 1 comprises a central 
core 68 and a surrounding cladding 70. The fiber 
16 has a core 72 and a cladding 74 that are 
substantially identical to the core 68 and cladding 
70. respectively. The core 68 has a refractive index 
that is greater than that of the cladding 70. and the 
diameter of the core 68 is such that light propagat- 
ing within the core 68 interanlly reflects at the core- 
cladding interface. Most of the optical energy guid- 
ed by the optical fiber 1 1 is confined to its core 68. 
However, solving the wave equations for the fiber 
68 and applying the well-known boundary con- 
ditions shows that the energy distribution, although 
primarily in the core 68. includes a portion that 
extends into the cladding and decays exponentially 
as the radius from the center of the fiber increases. 
The exponentially decaying portion of the energy 
distribution within the fiber 68 is generally called 
the evanescent field. If the evanescent field of the 
optical energy initially propagated by the fiber 11 



extends a sufficient distance into the fiber 18. en- 
ergy will couple from the fiber 11 into the fiber 16. 

To ensure proper evanescent field coupling, 
the amount of material removed from the fibers 1 1 

5 and 16 must be carefully controlled so that the 
spacing between the cores of the fibers 11 and 16 
is within a predetermined critical zone. The evanes- 
cent filed extends a short distance into the cladding 
and decreases rapidly in magnitude with distance 
'10 outside the fiber core. Thus, sufficient fiber optic 
material should be removed to permit overlap be- 
tween the evanescent fields of waves propagated 
by the two fibers 11 and 16. If too little material is 
removed, the cores will not be sufficiently close to 

75' permit tlie evanescent fields to cause the desired 
' interaction of the guided waves; and therefore, in- 
sufficient coupling will result. 

Removal of too much material alters the propa- 
gation characteristics of the fibers, resulting in loss 

20 of light energy from the fibers due to mode per- 
^ turbation. However, when the spacing between the 
cores of the fibers 11 and 16 is within the critical 
zone, each fiber 1 1 and 1 6 receives a significant 
portion of the evanescent field energy from the 

25 other to achieve good coupling without significant 
energy loss. The critical zone includes the region 
in which the evanescent fields of the fibers 11 and 
16 overlap sufficiently to provide good evanescent 
field coupling with each core being within the eva- 

30 nascent field of light guided by the other core. It is 
believed that for weakly guided modes, such as the 
HE,, mode guided by single mode fibers, mode 
perturbation occurs when the fiber core is exposed. 
Therefore, the critical zone is the core spacing that 

35 causes the evanescent fields to overlap sufficiently 
to cause coupling without causing substantial mode 
perturation Induced power loss. 

The extent of the critical zone for a particular 
coupler depends upon a number of factors, such 

40 as the parameters of the fibers and the geometry 
of the coupler. The critical zone may be quite 
narrow for a single mode fiber having a step index 
profile. The center-to-center spacing of the fibers 
1 1 and 1 6 is typically less than two to three core 

46 diameters. 

The coupler 13 of Figure 2 includes four ports 
labeled 13A, 13B. 13C and 13D. Ports 13A and 
13B, which are on the left and right sides, respec- 
tively, of the coupler 13 cori-espond to the fiber 11. 

50 The ports 13C and 13D similarly correspond to the 
fiber 16. For purposes of explanation, it is assumed 
that an optical signal input is applied to port 13A 
through the fiber 1 1 . The signal passes through the 
coupler 13 and is output at either one or both of 

55 * ports 13B or 13D depending upon the amount of 
coupling between the fibers 11 and 16. The 
"coupling constant" is defined as the ratio of the 
coupled power to the total output power. In the 
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above example, the coupling constant is the ratio of 
the power output at port 13D divided by the sum of 
the power output at the ports 13B and 13D. This 
ration is sometimes called the "coupling efficien- 
cy", which is typically expressed as a percent. 5 
Therefore, when the term "coupling constant" is 
used herein, It should be understood that the cor- 
responding coupling efficiency is equal to the cou- 
pling constant times 100. 

The coupler 13 may be tuned to adjust the ro 
coupling constant to any desired value between 
zero and 1.0 by offsetting the confronting surfaces 
of the fibers 11 and 16 to control the dimensions of 
the region of overlap of the evanescent fields. 
Tuning may be accomplished by sliding the sub- 75 
strates 50 and 52 laterally or longitudinally relative 
to one another 

Light that is cross-coupled from one of the 
fibers 11 and 16 to the other undergoes a phase 
shift of W2, but light that passes straight through 20 
the coupler 13 without being cross-coupled is not 
shifted in phase. For example, if the coupler 13 has 
a coupling constant of 0.5, and an optical signal is 
input to port 13A. then the outputs at ports 13B and 
13S will be of equal magnitude, but the output at 25 
port 13D will be shifted in phase by 7r/2 relative to 
the output at port 13B. - ' 

The polarizers 14 and 18 described herein may 
be essentially identical to the polarizer disclosed In 
U.S. patent 4.386.822 to Bergh and assigned to the 30 
Board of Trustees of the LeIand Stanford Junior 
University. 

Refen-ing to Rgures 11 and 12. the polarizer 14 
includes , a half coupler 160 that comprises, a sub- 
strate 162. preferably formed, of a quartz block. 35 
having a curved groove 164 therein. A length of the 
optical fiber 16 is secured in the groove 164. A 
portion of the substrate 160 has been ground and 
into the cladding of the fiber 16. The grinding and 
polishing operation removes a portion of the clad- 40 
ding to form an Interaction region 166. An optically 
flat surface 165 of a birefrlngent crystal 170 is 
mounted to a surface 170 of the substrate 160. In 
the interaction region, the evanescent field of light 
propagating In the fiber 16 interacts with the 45 
birefrlngent crystal 168. 

In the fiber 16 Is a single mode fiber, then the 
only modes propagated are those In which the 
directions of the electric and magnetic fields are 
approximately perpendicular to the direction of so 
propagation of the wave through the fiber 16. 

The crystal 168 Is arranged so that for light 
polarized perpendicular to the crystal-fiber inter- 
face, the refractive index of the crystal I68 is less 
than the refractive index of the fiber 168. Therefore, 55 
light propagating within the optical fiber 16 with a 
polarization perpendicular to the crystal-fiber inter- 
face tends to remain in the optical fiber 16 because 



of internal reflections at the crystal-fiber interface. 
The index of refraction of the crystal 168 for po- 
larizations parallel to the crystal-fiber interface Is 
chosen to be greater than the index of refraction of 
the optical fiber 16 so that light polarized parallel to 
the crystal-fiber interface couples out of the optical 
fiber 16 into the. birefrlngent crystal 168. 

Referring to F^igure 13, a polarizer 14 suitable 
for use in the system 10 includes a layer 170 of a 
dielectric buffer such as CaFa adjacent a flattened 
region 171 on the cladding. A metal layer 172 is 
placed on the buffer layer 170. The undesired 
polarization in attenuated while attempting to prop- 
agate in the fiber 16 past the flattened region 171. 
The desired polarization passes through substan- 
tially unattenuated. 

A phase modulator 220 that may be used in 
the present invention is shown in Rgures 5 and 6. 
The fiber 17 is held between a pair of piezoelectric 
transducers 222 and 224. The piezoelectric trans- 
ducers 222 and 224 apply a time varying compres- 
sion to the fiber 17. 

The polarization maintaining fiber 17. has dif- 
ferent refractive Indices for the two possible linear 
polarizations. Since the velocity of propagation is v 
= c/n. the two polarizations may be characterized 
as a fast wave and a slow wave. . The two waves 
experience different tirne delays In traversing the 
portion of the fiber 17 held in the phase modulator 
220. 

The piezoelectric transducer 222 includes a 
pair of electrodes 226 .and 228 mounted on op- 
posite sides of a piezoelectric material 230. The 
piezoelectric transducer 224 is preferably identical 
to the piezoelectric transducer 222 and includes a 
pair of elecrodes 232 and 234 mounted^ on op- 
posite sides of a piezoelectric material 236. An 
oscillator 238 Is connected to the electrodes 226. 
.228. 232 and 234 to apply voltages from the os- 
cillator 238 across the piezoelectric materials 230 
and 236. These voltages cause the transducers 
222 and 224 to compress the fiber 17. Squeezing 
the fiber 11 changes the transit times of the fast 
. and slow waves by changing the length of the fiber 

Referring to Rgures 7A and 7B. the phase 
modulators 25. 38. and 44 may each comprise an 
optical waveguide 19 formed on a substrate 23 of 
an electrooptlcally active material such as lithium 
niobate. A pair of electrodes 240 and 242 are 
attached to the substrate on opposite sides of the 
waveguide 19. The electrodes 25 and 27 may be 
formed on the. substrate 23 by vapor deposition of 
aluminum. The optical waveguide 1 9 may be 
formed in the substrate 23 by first depositing a 
strip of titanium on the substrate 23 and heating it 
to drive the titanium into the substrate 23. The 
resulting waveguide 19 has a generally semicir- 
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cular cross section as shown in Rgure 8. Referring 
to figures 7 and 14. the fiber sensing coil t1A must 
be cut to have two erids 33_and 35 that are butt- 
coupled to opposite sides of the opticai was/eguide 
19 as shown in Rgure 7. 

Application of a voltage across the electrodes 
changes the refractive index of the optical 
waveguide 19 by apparatus of the electrooptic ef- 
fect. The transit time of a light wave through the 
waveguide 19 is the product of the length of the 
waveguide and its refractive index divided by the 
speed of light in a vacuum. Changing the refactive 
index of the optical waveguide. 19 thus changes the 
transit time of an optical signal through it. Because 
of the sinusoidal nature of the electromagnetic 
fields that comprise the light wave, the change In 
transit time is seen as a change in phase of the 
wave. 

A polarization, maintaining fiber has refractive 
indices that differ significantly for different polariza- 
tions. Since the light inpiit to the fiber 17 has 
polarization components along both of the fiber 
axes, , both of these polarizations will propagate In 
the fiber without mixing together. The polarization 
maintaining fiber 1 7 may be formed by a variety of 
techniques described subsequently. 

Since the velocity of light in the fiber 17 is v = 
c/n, where c is the speed of light in a vacuum and 
n is the refractive Index of the fiber for the particu- 
lar polarization under consideration, the two po- 
larizations have different velocities in the fiber. The 
slow wave has velocity Vg == c/n„ and the fast wave 
has velocity V| =c/n2, where n2 < n,. The fjber 17 
converts the linearly polarized light input into an 
elliptical ly polarized wave due to the superposition 
of the orthogonal fast and slow waves. 

One type of polarization maintaining fiber has a 
layered core 250 and a surrounding cladding 252 
as shown in Figure 9. The core 250 has different 
refractive indices for waves of different polarization 
so that the propagation constants of the core are 
polarization-dependent. The cladding 252 has a 
refractive index that is less than both of the core 
refractive indices. Light incident upon an interface 
between two dissimilar dielectrics frorn the material 
having the greater refractive index will be internally 
reflected if the angle of incidence is less than a 
critical angle. Therefore, the polarization maintain- 
ing fiber guides light of both pplarizations. Since 
the propagation constants of the core are different 
or non-rdegenerate for the two polarizations, energy 
does not readily couple between them. Therefore, 
light popagated by the polarization maintaining fi- 
ber of Rgure 9 experiences no change in polariza- 
tion. 

A core having birefringent properties can be 
synthesized by properly choosing materials for the 
layers to have particular refractive indices and 



thickness. Referring to Rgure 9. the core 200 is 
comprised of layers 253-255 of a first material and 
layers 256 and 257 of a secorid material having an 
index of refraction different from the first material. 
5 The core 250 may comprise many layers of the 
two materials, but only the five layers 253-257 are 
shown for convenience of illustration and explana- 
. tipn. 

The core 250 is shown to be circular in cross 

70 section, as in most optical fibers. The materials 
comprising the core 250 and cladding 253 are 
chosen such that the core indices of refraction tor 

.. polarization along the z-axis and the y-axis are 
greater than the Index of the cladding 252. There- 

75 fore, a wave polarized along the z-direetion input to 
the form fiber 17 of Rgure 1 will remain polarized 
in zrdirection. 

Unlike ordinary optical fibers, the fornri birefrin- 
gent single mode fiber 17 will maintain the po- 

20 larization state of a wave propagatirig therein. In the 
fiber 17, the difference between the refractive in- 
dices for the two polarizations is sufficiently large 
that there is a substantial difference between the 
propagatiori constants of waves having the two 

25 orthogonal polarizations. The difference between 
the propagation constants eliminates the degen- 
eracy between the polarization states and prevents 
waves of one polarization from coupling to the 
other polarization under ordinary conditions. Cou- 

30 pting of energy between waves requires that the 
waves have essentially the same velocity. If the 
velocities are different, there is no appreciable cou- 
pling between the two states. 

Referring to Rgure 1 0, a method of fabricating 

35 the polarization maintaining fiber 17 as shown in 
Rgure 9 involves first forming a stack 266 of al- 
ternating layers of materials 268 and 269 having 
different refractive Indices. The stack 266 is heated 
to form an essentially monolithic block. The block 

40 may then be drawn through a succession of dies, 
or_ otherwise stretched by methods well-known in 
the art, to reduce its dimensions to values suitable 
for use as the core 250. Before drawing, the block 
may be ground to form a cylinder in order to 

45 produce a core having a circular cross section. A 
cladding having a refractive index less than both 
refractive indices of the core 250 may be added 
thereto by any of several standard techniques, 
such as fusing bulk silicon dioxide, SiOa, onto the 

50 . core, collapsing SiOa tubing onto the core, or by 
reactive depostion of SIO, from a gaseous mixture. 

GeOz may be used as the high index compo- 
nent and SiOs as the low index component in the 
stack 266. Both silica and gemania are used in 

56 virtually all single mode and multimode fibers be- 
cause of their low loss and physical compatibility. 
Combined inhomogeneously with proper fractional 
thickness they form the core 250 with the refractive 
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for both polarizations being large enough to be clad 
by fused silica. 

Well established optical fabrication techniques 
can be used to fabricate the SiO. plates from pure 
bulk SiO,. The GeO, corfijjbnent may be too thin to 
be fomned by mechanical fabrication techniques 
The Geo, layer may be formed by sputtering a 
Geo, film onto an SiO, substrate. The GeO, layer 
may also be formed by coating the SiOi with a 
layer of Ge and oxidizing It to GeO,- in a tube 
furnace. 

Other types of high birefringence fiber suitable 
for use as the polarization maintaining fiber 17 are 
disclosed in the following U.S; Patents: U.S. Patent 
4.549*781 issued October 29. 1985 to Bhagavatula 
et al. for "Polarization-Retaining Single-Mode Op- 
tical Waveguide": U.S: Patent 4.529.426 issued 
July 16, 1985 to Pleibel et al. for "Method of 
Fabncating High Birefringence Rbers"; U.S: Patent 
4,465.336. issued August 14; 1984 to Huber et ai 
for "Waveguide and Method of Manufacturing 
Same"; and U.S. Patent 4.561.871 issued Decem- 
ber 31. 1985 to Berkey for "Method of Mat<ing 
Polarizatibri Preserving Optical Rber"i 

Refen-ing to Rgure 1. the polarization maintain- 
ing fiber 17 has a smaller refractive index for one 
polarization component than for the othen Since 
the velocity of light in fiber 17 is v= c/n. Where c is 
the speed of light in a vacuum and n Is the refrac- 
tive index of the fiber for the particular polarization 
under consideration^ the two polarizations have dif- 
ferent velocities in the polarization maintaining fiber 
17. The slow wave has velbcfty v^ = c/n.. and the 
fast wave has velocity v, = c/n„ where n, > n,. The 
polarization maintaining fiber 17 coriverts the lin- 
eariy polarized light input into ari elliptically po- 
larized wave due to superposition of the biiHdgonal 
. fast and slow waves; 

If the reference signal that derives the piezo- 
electric transducers in the phase modulator is 
sinusoidal with a modulation frequency then the 
time delay f between the fast and slow waves may 
be written as 



T - To + AtCOSWdT. 



(1) 



If a>pT = 2ffm. where m is an ihtegeh then the 
lime delay is a rtfiaxlmum or a minimum. An excur- 
sion in the tinie delay changes the output intensity. 

After traveling through the polarization main- 
taming fiber 17. the light is incident upon the ana- 
lyzer 18. The analyzer 18 may comprise a fiber 
optic polarizer sinriilar to ahy of the fiber optic 
pblarizihg devices described above, or it may be a 
bulk optics polarizer.which is well-knbWn in the art 
The optical signal input to the analyzer 18 may 
be written as 

l-{1 + cos or), (2) 
where « is the optical frequency and r is the 
time delay between the fast and slow polarizations 



over the length of the fiber 16. The phase modula- 
tor 25 produces modulation in the relative phase of 
the fast and slow Waves. The driver oscillator 26 
acts as an alternating cun-ent source having a fre- 
5 quency o,pand drives the phase modulator 25. 

When the phase modulator 25 is operating, the 
electrical current output from the detector 20 may 
be written as 

i -(1 + cos[wT + d,p cosoctfpWt]). (3) 
io This output current is then sent through the 

bandpass filter, which passes the squeezer fre- 
quency «p. The signal from the bandpass filter is 
then injDut to a' synchronous detactor. or lock-in- 
amplifier. which receives a i-eference signal from 
'5 the squeezer driver. Afer demodulation, the signal 

S. -sin «tJ,(^p) (4) 
where J. is the first order Bessel function. This 
signal S. is fedback to the source 12 and used to 
30 serve the soijrce frequency tdwaM the desired 
value. 

Rgure 15 illustrates the spectral distribution of 
a single mode laser diode. 

The phase modulator shiffe the spectral dis- 
ss tnbution furictibn l(«) between the curves and 
Ib(«). The frequencies oift arid «i represent the 
centroids of the two spectral distributions shown in 
Figure 15. The centroid of tfid source spectral 
distribution represents an average wavelength or 
30 frequency that gives th^ closed loop gyro scale 
-factor S = D/{hy) = fD/(ric) where D is the diam- 
; eter of the sensing loop, n is the refractive Index of 
the fiber, y is the wavelength' of the light, f is the 
- frequency of the light arid b is the free space 
35 velocity of light. 

J Without source stabilization, a shift in the cen- 
troid of the spectral distribution causes a change in 
the scale factor by an amount AS/S = Af/f With 
the- source stabilization system according to the 
10 present invention; a shift in the ceiitroid of the 
spectral distribution changes the outisut of the ref- 
erence interfei-onieter. The output of the reference 
interferometer tiieh is processed to provide a signal 
that initiates a correction to the shift in the centroid 
•*s of the spectral distribution. 

Figure 16 illustrates the stabilization of the 
scale factor as a function of the optical path dif- 
ference.' The optimum correction is achieved when 
the curve representing the shift in scale factor 
so intersects the line that represents tiie optical path 
difference. This intersection occurs when the op- 
tical patfi difference is slightly less than Lc 4 The 
capability of the reference interferometer to sta- 
bilize the scate factor is a function of the optical 
56 path difference of the arms of the reference inter- 
ferometer.- the rotational rate of the sensing loop 
ttie shape of tiie spectral distribuBbn. and «ie 
length of ttie Sagnac loop. The scate factor linea^^y 
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is a complicated function of the spectral shape and 
degrades approximately linearly with the width of 
the spectral distribution width. 

There are several types of optical frequency 
shifters that may be used in the fiber optic rotation 
sensor of Rgure 1 4. Rgure 1 7 illustrates the effect 
of a frequency shifter on an optical wave. Consider 
a circularly polarized input light incident upon a 
half-wave plate 400 that is rotating at an angular 
velocity f. The input wave is shown to have a 
frequency fo. The wave is traveling in the positive 
2-direction and has polarization vectors along the x- 
and y-axes that are of equal magnitude adn 90'' 
out of phase. Therefore, the polarization vector 
appears to rotate at angular velocity fo about the z* 
axis in a clockwise direction when viewed looking 
toward the direction of propagation. The half-wave 
plate 400 rotates . in the same . direction as the 
polarization vector so that the output waye is fre- 
quency shifted from the. input frequency fo .to have 
a frequency of fo+.2f. 

: figure 18 graphically represents the possible 
frequency outputs from the frequency shifter 44 
when it is operated as a single-side-band-supr 
essed-carrier phase shifter. If the input frequency is 
fo, then rotating the half-waye plate at frequency f in 
the direction of polarization of the input beam pro- 
duces an output of fo + 2f. Rotating the half-wave 
plate 400 at the frequency f opposite In direction to 
the polarization of the circularly polarized input 
wave produces an output frequency of fo -Zi. Con- 
trolling the rotational frequency f permits the output 
frequency : of the quarterrwaye . plate to have a 
range of (fc±2f,„,ax) 

where f max is the maximum rotational fre- 
quency of the half-wave plate 400. > 

The amplitude of the outputs of the frequency 
shifter 44 is 

^(\) = A expn(fo + 2f)t] + B exp[ifot]. (6) 
The intensity of the output wave is the square 
of the amplitude and is given by 

I ^ I* (t)|2 (6) 

1 = A2 + B2 + 2AB cos (2ft). (7) 
The coefficient A is ordinarily much larger than 
Ef sp that 8^ is negligible. 

A frequency shifter structure that may be used 
in the fiber optic rotation sensor 34 of Figure 14 is 
shown In Figure 20. The frequency shifter 44 may 
include a length 422 of the optical fiber 1 1 retained 
betvyeen a block 423 that may be formed of quartz 
and a wedge 424 forrned of a material such as 
aluminum. A metallic layer connphsing Cr-Au, for 
example, is formed on the surface 427 of the 
wedge 424. and a transducer 430 formed of PZT. 
for example, is mounted to the metallic block 424. 
The transducer 430 may be driven by a suitable 
oscillator (not shown) to launch an acoustic wave at 
an angle e in the fiber. 



The fiber 11. being a single mode fiber, sup- 
. ports two orthogonal polarizations of the single 
propagation mode. There are two polarizations be- 
cause the fiber is birefringent, having different re- 

5 fractive indices for different directions of the elec- 
tric field in the fiber. The two polarizations are 
normally uncoupled so that there is no energy 
transfer from one polarization to the other. A spa- 
tially periodic stress pattern imposed on the fiber 

70 induces coupling between the two polarizations, 
leading to power transfer therebetween. It has been 
found that the power transfer is cumulative only if 
. the spatial period of the stress pattern equals the 
« beat length of the fiber. 

75 Referring to Figure 19, the beat length of the 

optical fiber is Lb = X/_LAn, where An is the 

; . difference in the refractive indices for the two po- 
larizations and X is the optical wavelength. It has 
^ been found that a stress pattern is most effective in 

20 causing coupling of the two polarizations when the 
stress in directed at 45 degrees to the principal 
. axes of birefringence. 

The transducer 430 forms a moving stress 
pattern in the fiber portion 422 by apparatus of the 

25 traveling acoustic wave. If the stress pattern moves 
along the fiber, light coupled from one plarization to 
the other is shifted in frequency by an amount 
equal to the frequency of the moving stress pattern 
because of the motion of the coupling region. For 

30 convenience of reference, one of the polarizations 
will be referred to as "slow" and the other polariza- 
tion will be referred to as "fast". The velocity of a 
light wave in a dielectric medium is tine free space 
velocity oflight divided by the refractive index of 

35 the dielectric medium, or v = c/n. Therefore, if 
may be seen that in a birefringent medium the 
, polarization for which the refractive Index is tiie 
greater is the slow wave and the polarization for 
which the refractive index is smaller is the fast 

40 wave. 

Referring to figures 19 and 20, a plane acous- 
tic wavefront of wavelength Ka is incident upon the 
fiber portion 422. Phase matching occurs when the 
component of the beat length Lb in the direction of 

45 propagation of the acoustic wave equals the acous- 
tic wavelength. Therefore, from Figures 19 and 20 
it is seen that Lb sin e = Xa. Using a well-known 
relation between wave' velocity, frequency and 
wavelength to eliminate the acoustic wavelength 

50 . from the preceding equation gives the acoustic 
frequency as f = v/(Le sin d), where v Is the 
acoustic wave velocity in the fiber. 

The specific nature of tiie interaction between 
the acoustic wave and the two optical polarizations 

55 propagated by the fiber can be demostrated using 
frequency-wave number diagram. Referring to Fig- 
ure 21, if the acoustic wave travels in the same 
direction as the light in the tiber 1 1 . light polarized 
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in the fast mode and Having a frequency <o couples 
to the slow mode with the resulting wave having a 
frequency +wa, where «a is the acoustic wave 
frequency. Light propagating in the slovv mode 
couples to the fast mode and shifts In frequency to 

As shown in Figure 22, If the acoustic wave 
propagates in a direction opposite to that of the 
light in the fiber 1, the frequency shifting char- 
acteristics of the system reverse. Specifically, light 
propagating in the fast mode couples to the slow 
mode with a change in frequency to 4)^«a, and light 
propagating in the slow mode couples to the fast 
mode with a change in frequency to cj + oy^. 

Therefore, the frequency shifter 420 as shown 
in Figure 20 Is a single side band frequency shifter 
If only light of a single polarization impinges upon 
the portion of the fiber 11 having the periodic 
moving stress pattern therein: In practicei the se- 
lected polarization may have small amounts of the 
carrier frequency and the sideband having the op- 
posite frequency shift because of the finite extinc- 
tion ratio of the polarizers included in the gyro- 
scope of other factors. 

Refening to Figure 23, a frequency shifter 450 
that may be included In the rotation sensor 34 
comprises a length of fiber 11 mounted in a 
grooved substrate 452; An electrode 454 is moun- 
ted in the groove 456 below the fiber 11; A portion 
of the fiber cladding 460 is ground away to form an 
Interaction region 461 near the core 462. An inter- 
action material 464 formed of - an electroopticaliy 
active material is nhounted on the region of the 
fiber where the cladding was removed. A pair of 
electrodes 466 and 468 are mounted on opposite 
ends of the Interaction material, and an electrode 
470 Is mounted on the Interaction material in gen- 
erally parallel alignment with the electrode 454, An 
oscillator 472 supplies voltage to the electrode 470. 
A phase shifter 474 receives the oscillator output, 
shifts its phase and then applies the phase shifted 
signal to the electrode 468, The electrode 466 and 
456 are grounded. 

Application of the oscillator signal to the inter- 
action material 464 changes its refractive index 
. according to the electrooptic effect. These changes 
in refractive Index in the interaction material 464 
cause changes In the effective refractive index of 
the fiber 11. These changes are oscillatory at the 
frequency of the oscillator signal. Since the speed 
of light Is v = c/fi where n is the refractive Index of 
the fiber, the changes in refractive Index modulate 
the velocity of optical signals in the frequency 
shifter 450. These velocity modulations are seen as 
modulations in the frequency of the light. 

Although the present Invention has been de- 
scribed with reference to specific embodiments, it 
should be understood that these embodiments are 



exemplary preferred embodiments and that modi- 
fications may be niade without departing from the 
scope of the invention as defined In the appended 
clainis. • 

Claims 

1 . A device for controlling the frequency of an 
w optical signal output from a optical source 10. 
characterised by: 

apparatus (14. 17, 18) for guiding an optical 
signal while maintaining the polarization thereof; 

apparatus (13, 16)for Introducing a portion of 
ts the signal output froni the light source (12) into the 
pdlarizatiori 'maintaining guiding apparatus: 

apparatus (25) for modulating the phase of 
optical signals guided by the polarization maintain- 
ing guiding apparatus; 

apparatus (20) for producing an electrical 
signal Indicative of the Intensity of an dptical signal 
output from the polarization riiairitairiihg guiding 
' apparatus: and 

apjDai^atus (21, 22. 24, 27) for applying the 
25 electrical signal to the optical source for controlling 
the frequency of the optical signal output there- 
from. 

2. The device of claim i. ihcludiri^: 

■'■ a first polarizer (14) having a polarization axis 
30 ' briehted at 45° to the principal axes of the polariza- 
tion maintaining guiding apparatus, the first polar- 
izer being positioned to provide llghf of a predeter- 
mined polarization to the poliarizatidn maintaining 
guiding apparatus; 
36 a second polarizer (18) having a polarization 

axis oriented at 45^ to the principal axes of the 
polarization maintaining guiding apparatus, the sec- 
ond polarizer being positioned to receive optical 
signals output from the polarization maintaining 
40 guiding apparatus; and 

apparatus (20) for detecting optical signals 
output form the second polarizer. 

3. The device of claim 2. further including: 
bandpass filter (22) apparatus connected to 

45 the detecting apparatus (20). the bandpass filter 
(22) being formed to have an output signal of a 
predetermined mbdulatioh frequency; 

synchronous detector apparatus (24) con- 
nected to the band pass filter apparatus (22) to 

50 receive the output signal therefrom; and 

apparatus (27) for providing ah error signal 
from the synchronous detector apparatus (24) to 
the optical source such that the optical source 
produces an optical signal having a frequency that 

55 causes a reduction In the error signal. 

4. The device of claim 3 further including a 
driver oscillator (26) connected to the phase 
modulator (25) to modulate the phase of optical 
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signals guided by the polarization maintaining guid- 
ing apparatus (14. 17. 18) at the modulation fre- 
quency. 

5. The device of claim 1 wherein the polariza- 
tion maintaining guiding apparatus (14, 17. 18) in- 5 
eludes a length of polarization maintaining optical 
fiber (1 7) having a pair of principal axes. 

6. A method for controlling the frequency of an 
optical signal output from a optical source, charac- 
terised by the steps of: io 
guiding an optical signal while maintaining the po- 
larization thereof: 

introducing a portion of the signal output from 
the light source into the polarization maintaining 
guiding apparatus; 75 

modulating the phase of optical signals guided 
by the polarization maintaining guiding apparatus; 

producing an electrical signal indicative of the 
Intensity of an optical signal output from the po- 
larization maintaining guiding apparatus; and 20 

applying the electrical sigrial to the optical 
source for controlling the frequency of the optical 
signal output therefrom. 

7. The nnethod of claim 6, further including the 
steps of: 2S 

providing light of a predetermined polarization 
to the polarization maintaining guiding apparatus; 

analyzing the output ofi the polarization 
maintaining guiding apparatus to provide an optical 
signal having only a selected polarization: and 30 

detecting optical signals having the selected 
polarization. 

8. The method of claim 7. further including the 
steps of: 

connecting band pass fitter apparatus to the 3S 
detecting apparatus to provide an output of a pre- 
determined modulation frequency; 

connecting synchronous detector apparatus to 
the band pass filter apparatus to receive the output 
signal therefrom; and 4o 

providing an error signal from the synchronous 
detector apparatus to the optical source such that 
the optical source produces an optical signal hav- 
ing a frequency that causes a reduction in the error 
signal. 45 

9. The method of claim 7, further including the 
step of connecting a driver oscillator to the phaise 
modulator to modulate the phase of optical signals 
guided by the polarization maintaining guiding ap- 
paratus at the modulation frequency. so 

10. The method of claim 6. further including 
the step of forming the polarization maintaining 
guiding apparatus to compromise a length of po- 
larization maintaining optical fiber having a pair of 
principal axes. 55 
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